We investigate the effect of near threshold resonances in reactive scattering at low energy. We find a general type of anomalous behavior of the cross sections, and illustrate it with a real system (H 2 + Cl). For inelastic processes, the anomalous energy dependence of the total cross sections is given by σ ∼ ε −3/2 . The standard threshold behavior given by Wigner's law (σ ∼ ε −1/2 ) is eventually recovered at vanishing energies, but its validity is now limited to a much narrower range of energies. The universal anomalous behavior leads to reaction rate coefficients behaving as K ∼ 1/T at low temperatures, instead of the expected constant rate of the Wigner regime. We also provide analytical expressions for s-wave cross sections, and discuss the implication in ultracold physics and chemistry. In recent years, the level of control over the interaction in ultracold gases, e.g., by using magnetically tuned Feshbach resonances [1] or by orienting ultracold molecules [2, 3] , has allowed the investigation of various phenomena in degenerate quantum gases (e.g., BEC-BCS cross-over, solitons, multicomponent condensates, etc.) [4, 5] , as well as of exotic threebody Efimov states [6] . The advances in the formation of cold molecules [7] [8] [9] are paving the way to the study [2, 10] In this Letter, we explore the effect of near threshold resonances (NTR) in the entrance channel of a reactive scattering system. In the absence of NTR, it is well known that scattering cross sections behave at ultralow energy ε according to Wigner's threshold law [16] ; namely, the elastic cross section tends to a constant, while the inelastic cross sections behave as ε −1/2 , when ε → 0. However, Wigner cautioned that, when resonance poles are present near channel thresholds, renewed attention should be paid to the low energy behavior of cross sections [16, 17] . Indeed, resonances in low energy collisions, originally analyzed by Bethe [18] for collisions between neutrons and nuclei, and by Fano in atomic collisions [19] , may affect the threshold behavior.
In recent years, the level of control over the interaction in ultracold gases, e.g., by using magnetically tuned Feshbach resonances [1] or by orienting ultracold molecules [2, 3] , has allowed the investigation of various phenomena in degenerate quantum gases (e.g., BEC-BCS cross-over, solitons, multicomponent condensates, etc.) [4, 5] , as well as of exotic threebody Efimov states [6] . The advances in the formation of cold molecules [7] [8] [9] are paving the way to the study [2, 10] and control [11] of cold chemical reactions. In many of these studies, resonances near the scattering threshold are a key ingredient, as recently explored experimentally [12] [13] [14] and theoretically [15] in chemistry of low temperature systems.
In this Letter, we explore the effect of near threshold resonances (NTR) in the entrance channel of a reactive scattering system. In the absence of NTR, it is well known that scattering cross sections behave at ultralow energy ε according to Wigner's threshold law [16] ; namely, the elastic cross section tends to a constant, while the inelastic cross sections behave as ε −1/2 , when ε → 0. However, Wigner cautioned that, when resonance poles are present near channel thresholds, renewed attention should be paid to the low energy behavior of cross sections [16, 17] . Indeed, resonances in low energy collisions, originally analyzed by Bethe [18] for collisions between neutrons and nuclei, and by Fano in atomic collisions [19] , may affect the threshold behavior.
For our study, we selected a barrier-dominated reaction containing a large number of channels, namely H 2 + Cl → H + HCl. In particular, for H 2 in the initial ro-vibrational level (v=1, j=0), the shallow potential well of the Cl· · · H 2 van der Waals complex supports quasibound states, which can lead to resonances in the entrance arrangement (see Fig. 1 ) [20] ; note that there are no nearby closed channels that could give Feshbach resonances. This system was recently investigated at ultralow temperatures by Balakrishnan [21] . To explore the effect of near threshold resonances (NTR) on reactive scattering, we vary the mass of H, as was done in [22] , so that the channel thresholds in both arrangements H 2 -Cl and H-HCl shift at different rate, an approach similar to modifying the potential surface itself [23] . The scattering cross section from an initial internal state i to a final state f is given by [24] 
where ℓ = |J − j|, . . . , J + j and ℓ ′ = |J − j ′ |, . . . , J + j ′ ; J J J = j j j + ℓ ℓ ℓ = j j j ′ + ℓ ℓ ℓ ′ is the total angular momentum, with molecular rotational momentum j j j and orbital angular ℓ ℓ ℓ in the entrance channel i, and corresponding quantum numbers J, j, and ℓ (the primes indicate the exit channel f ). Here, ε i =h 2 k 2 i /2µ is the kinetic energy with respect to the entrance channel threshold, k i the wave number, and µ −1 = m
Cl the reduced mass in the entrance arrangement. We are focusing on the effect of resonances at ultralow temperatures, and thus consider only s-wave scattering with ℓ = 0, which requires J = j and thus (2J + 1)/(2 j + 1) = 1. In addition, we limit ourselves to 
We note that with ℓ ′ = j ′ , the centrifugal term in the exit channels becomes large for high rotational diatomic levels and makes the van der Waals potential well disappear (see Fig. 1 ).
For the sake of clarity, we omit the subscript i in ε i and k i , and J in S J=0 i f , in the rest of this Letter. In the zero-energy limit, the elastic and total inelastic cross sections are described in terms of the complex scattering length [25] 
Although these limits remain valid in the presence of NTR, their applicability will be limited to a much narrower domain of energies. For the remainder of the low energy regime, a new behavior emerges, as we now show.
The results we present here were obtained using the ABC reactive scattering code of Manolopoulos and coworkers [26] , which we have optimized for ultralow energies. We used the potential energy surface developed by Bain and Werner [27] . a few energies (in Kelvin). From Eq. (3), we expect σ in. to simply scale as ε −1/2 , i.e., showing as equidistant curves for the energies chosen in the logarithmic scale; this is indeed the case, except in the vicinity of the resonances. In the inset, we zoom on the resonance, with three masses m of increasing values being singled out (dashed vertical lines) corresponding to 1.0078 u= m H (true mass), 1.038 u, and 1.042 u, respectively; the inset indicates that the energy dependence follows Wigner's threshold law only for m H , and departs from it as m approaches the resonance. Thus, we focus our attention on these three masses, and we analyze in detail the energy dependence of the cross sections.
In Fig. 4(a) , we show the low energy behavior of σ in. for the three masses selected above. When ε → 0, σ in. reaches the Wigner's regime, scaling as ε −1/2 for all three masses. However, for masses closer to the resonance shown in Fig. 3 , the scaling changes to ε −3/2 . In addition, the behavior appears to be universal, i.e., as m nears the resonance, σ in. has the same value until it deviates from the universal NTR ε −3/2 scaling to join the Wigner ε −1/2 scaling at lower collision energies. For completeness sake, we also show the elastic cross sections σ el. for the same masses in Fig. 4(b) ; the Wigner regime's constant cross section as ε → 0 changes to the expected ε −1 scaling for m near a resonance. Finally, Figs. 4(c) and (d) depict the corresponding rate coefficients K in. (T ) and K el. (T ) obtained from thermal averaging with a Maxwell distribution of relative velocity v rel. characterized by the temperature T , i.e., K(T ) = v rel. σ T . Again for m close to the resonance, there is a significant enhancement of K in. scaling as T −1 until T is small enough that the Wigner regime is reached and K in. becomes constant. The corresponding scaling for K el. changes from T −1/2 for NTR to T 1/2 for Wigner's regime. This change in behavior is due to the fact that, for m ≈ 1.042 u, the potential well of the Cl· · · H 2 van der Waals complex is acquiring a new s-wave bound state; this so-called zero energy bound state is responsible for the large increase of the probability amplitude at short range, where the reaction takes place. This anomalous behavior (namely, an abrupt increase followed by a gradual transition into the Wigner regime as the energy decreases) is due to the presence of a resonance pole near the threshold of the entrance channel. To understand it, we focus our attention on the S-matrix. Recalling that 
The analytical properties of the S-matrix for single-channel swave scattering follow from those of the Jost function J (k);
Specifically, if k = z is a zero of the Jost function (and of the S-matrix), then k = −z is a pole of the of the S-matrix. Hence, given a resonance in the entrance channel i, we rewrite the diagonal S-matrix element as a product of a resonant part (due to a zero of S located at k = z) and a non-resonant partS ii (k)
The background contributionS ii (k) is assumed to be a slowly varying function of k, and can be described asS ii (k) = e 2iδ i , where the background phaseshiftδ i is implicitly for the ℓ = 0 partial wave. Here, we are interested in the case when |z| is very small, such that the energy associated with the pole, |E z | =h 2 |z| 2 /2µ, is within (or near) the ultracold domain. Writing the background scattering length asã i =α i − iβ i , and assuming thatδ i ≈ −kã i as k → 0, we get
where we omitted the channel subscript. As k → 0, we recover the two different behaviors shown in Fig. 4(a) . Namely, depending on the relative values of k and z, we have:
• NTR regime (|z| ≪ k)
In Eq. (10), the imaginary component of the background scattering length,β , is augmented by a contribution from the resonance at k = −z. This is also true for the real component; writing S ii = e 2iδ with δ ≈ −ka as k → 0, and expanding (7) to the leading order in k, so that 1
Separating the real and imaginary components, we have
If z is very close to zero, the effect on the Wigner's regime can be significant, with large increases of the cross sections from their background values. Fig. 5 shows the inelastic probability 1 − |S ii | 2 for various masses ranging from the true mass of hydrogen (m = m H ) to m = 1.042 u. The linear scale accentuates the asymmetrical profile of the inelastic probability near threshold, and the good agreement between the numerical results and the analytical expression (9) . The values ofβ and z can be obtained by fitting the calculated σ in. to Eq. (9). The inset shows the results for m = 1.042 u on a log-log scale, together with the maximum possible value of unity (corresponding to the unitarity limit, when S ii = 0). It reveals the simplicity of the low energy behavior in the presence of NTR; the Wigner power-law scaling for k ≪ |z|, a different power-law for k ≫ |z|, and the transition between the two regimes taking place near k ≈ |z|. The inset also illustrates the deviation of the analytical expression from numerical results at larger k, where δ ≃ −ka ceases to be valid. Finally, the state-to-state results for all final channels are also shown, exhibiting the same resonant behavior. It also emphasizes that although Eq. (9) is rather simple, the coupled channel computations are quite complex, involving several hundreds of channels (open and closed). For the sake of completeness, we apply the same approach to the elastic cross section (5) and obtain
Again, as k → 0, two different behaviors are found:
Above, we expressed explicitly a = α −iβ in term of Eqs. (12) and (13) . These results for the elastic cross section are well known and simply understood in term of the phase shift variation. For k → 0, δ ≈ −ka leads to S = e 2iδ ≈ 1 − 2ika and Eq. (5) gives σ el. ≈ 4π|a| 2 . However, when the potential gains a new s-wave bound state near a resonance, the phase shift abruptly reaches ±π/2 (or ka quickly reaches large values even though k is small), giving then S ≈ e ±iπ = −1 and σ el. ≈ 4π/k 2 .
We conduct our analysis in the complex k-plane rather than the energy's, since the complex energies associated with both the zero (k = z) and the pole (k = −z) are the identical; (9)).
In conclusion, we found that a near threshold resonance (NTR) splits the s-wave low energy domain in two distinct regimes, with the total inelastic cross section gradually transitioning from the well known k −1 Wigner regime into the k −3 NTR regime. We derived simple analytical expressions for both elastic and total inelastic cross sections as a function of the position of the zero/pole of the S-matrix, and found very good agreement with values obtained numerically. This s-wave k −3 NTR behavior is a general feature, but its presence can be masked by higher partial wave contributions. Although previous work hinted at such effect using mass-scaling [22, 28] or external fields [29] , the new universal NTR k −3 behavior shown in Eq. (9) remained elusive until now. We revealed the effect of NTR in a benchmark atom-diatom reactive scattering by mass-scaling, but it is should appear in any system with a zero-energy resonance, such as in photoassociation [30, 31] , collision [32] , or spin-relaxation in ultracold atomic samples [33] . The modified k −3 inelastic cross section will impact not only the interpretation of experiments such as [14] , but also theories developed to account for resonances in ultracold molecular systems [15] .
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